Spectrin
Introduction
Epithelial morphogenesis results from the dynamic regulation of epithelial polarization and cell-cell junction formation (Watanabe et al., 2009; Yamada and Nelson, 2007) . The analysis of mutations in the spectrin based membrane skeleton (SBMS) has indicated that this structure is important for morphogenesis and development, with mutations causing defects in both neuronal and epithelial tissues Hulsmeier et al., 2007; McKeown et al., 1998; Srinivasan et al., 1988; Thomas et al., 1998; Moorthy et al., 2000) . Spectrin is an ubiquitous cytoskeletal protein comprised of heterotetramers 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.11.004
of two a and b subunits (Bennett and Baines, 2001; Dubreuil et al., 1989 Dubreuil et al., , 1990 . In humans, there are two a (a 1 , a 2 ) and five b (b 1-5 ) genes (Bennett and Baines, 2001) , whereas, in Drosophila and Caenorhabditis elegans, only one a and two b (conventional b and b Heavy ; b H ) are present. Spectrin tetramers form two dimensional networks on the cytoplasmic surface of the plasma membrane and other compartments by association with integral membrane proteins and through crosslinking of F-actin (Bennett and Baines, 2001) . In Drosophila, a and b subunits localize exclusively to the basolateral region in epithelia, while ab H tetramers are found primarily at the apical domain (Dubreuil et al., 1997; Thomas and Kiehart, 1994) . Not only does the spectrin molecule provide a structural role and rigidity to the plasma membrane, it is increasingly implicated as a modulator of protein trafficking (e.g. De Matteis and Morrow, 2000; Phillips and Thomas, 2006; Kizhatil et al., 2007; Johansson et al., 2007) . In the fly, we have shown that over-expression of the C-terminus of apical b H (bH33) modulates membrane area by disrupting endocytosis (Williams et al., 2004) , that b H is necessary for endosome function (Phillips and Thomas, 2006) , and that this regulation probably occurs in part through association with Annexin B9 (Tjota et al., submitted for publication). In addition, others have shown that loss-of-function crumbs alleles interact with karst (b H ) alleles to modulate apical surface area (Pellikka et al., 2002) . These data coupled with the observation that loss-of-function karst alleles cause a mild disruption of the zonula adherens (ZA; Zarnescu and Thomas, 1999) have led to the hypothesis that b H may normally act to stabilize this junction by modulating the trafficking of its constituent parts.
Members of Rho family of small GTPases have essential roles in epithelial morphogenesis. The cycling of an active GTP-bound state to and from an inactive GDP-bound state is known to regulate junctional stability, cell-cell adhesion, invagination, migration, actin organization and axon pathfinding by functioning as molecular switch (Gulli and Peter, 2001; Kaibuchi et al., 1999; Luo et al., 1994) . A few reports have indicated that spectrin is directly or indirectly regulated by Rho GTPase signaling pathways in Drosophila. Amnioserosa morphogenesis during dorsal closure in Drosophila embryos requires Rac1 signaling in harmony with the apical determinant Crumbs (Harden et al., 2002) , which is upstream of b H (Medina et al., 2002; Pellikka et al., 2002) . Expression of a dominant negative form of Rac1 in the same system resulted in the dorsal closure defect and the mislocalization of a-spectrin (Harden et al., 1995) . Furthermore, b H is upregulated in the pak mutant follicle cell clones during oogenesis (Conder et al., 2007) , indicating that Rac is a negative regulator of b H via this effector. In contrast, the expression of dominant negative Rho N19 reduces b H levels suggesting that Rho is a positive regulator of the apical spectrin cytoskeleton (Bloor and Kiehart, 2002) . The dynamic regulation of Rho GTPase activity during assembly of adherens junctions is not yet fully understood, but many studies indicate that the localization of Rho GTPases to these structures is essential for the activation of specific downstream pathways. Physical interaction between Rho1, acatenin and p120ctn induces the formation of Cadherin mediated junctions in Drosophila melanogaster (Magie et al., 2002) . Similarly, localization studies reveal that Rac is recruited to junctions during the establishment of Cadherin-mediated adhesion, and that this induces Rac activation (Nakagawa et al., 2001) . Rac activation and junction formation is also essential for epithelial morphogenesis, but the relationship between the junction and Rac is complex and context dependent: for example, activation of the Rac by ectopic Tiam1, Rac GEF, or constitutively active Rac (Rac1
V12
) causes E-Cadherin accumulation at the junction in MDCK cells (Braga et al., 2000; Hordijk et al., 1997; Sander et al., 1999; Takaishi et al., 1997) . In contrast, the phenotype arising from Rac1 inhibition during the invagination and migration of embryonic salivary glands of Drosophila is rescued by reduction of DE-Cadherin (Pirraglia et al., 2006) suggesting that Rac1 has a role in limiting junction formation. Rac activity regulates dynamic epithelial cell arrangement by regulating the assembly/disassembly of E-Cadherin complexes at cell junctions during which clathrin dependent endocytosis of E-Cadherin is probably a key mechanism (Akhtar and Hotchin, 2001; Chihara et al., 2003) . Rho1 and Rac1 also regulate apicobasal polarity and both have been implicated in the correct localization of the apical polarity determinants Crumbs, atypical PKC (aPKC) and Stardust during embryonic salivary gland invagination (Pirraglia et al., 2006; Xu et al., 2008) . The small Rho GTPases also act upstream of JNK signaling to support epithelial polarity (Baek et al., 2010) .
Further evidence for Rac pathway modulation of Cadherin-mediated adhesion is provided by experiments using Rac effectors and modulators. The p21-activated kinases (Pak) are serine/threonine protein kinases and effectors for two Rho GTPases, Rac and Cdc42. Pak are classified into two groups (I and II) according to their structure. In Drosophila, the group II Pak Mbt (Mushroom bodies tiny) is involved in photoreceptor cell morphogenesis where it is localized at the ZA, stabilizing Crumbs and Discs Large (Dlg; Bokoch, 2003; Jaffer and Chernoff, 2002) . Mbt also functions to maintain the junction by stabilizing/destabilizing DE-Cadherin and b-catenin (Menzel et al., 2008) . Pak (a group I Pak) binds to the SH2-SH3 adaptors Nck and Dock, regulates olfactory axon guidance (Hing et al., 1999; Newsome et al., 2000) , and loss-of-function pak mutations result in abnormal polarization of actin, and defects in epithelial polarization in the follicle epithelium (Conder et al., 2007) . This study also revealed that Pak negatively regulates apical spectrin levels, which suggests a further role in epithelial polarization. Trio is a Dbl family protein that functions as a guanine nucleotide exchange factor (GEF) for Rac (Debant et al., 1996) , which in-turn activates Pak recruited by Dock during photoreceptor axon guidance (Hing et al., 1999; Newsome et al., 2000) . Mutation of trio results in a defect in axon pathfinding, which resembles pak and dock mutations (Newsome et al., 2000) . However, the role of Trio in epithelial morphogenesis has not been fully defined.
We have identified a strong genetic interaction between b H loss-of-function and the Rac-GEF Trio and RacGAP50C, which suggests that b H normally inhibits Rac1 signaling. That this reflects a direct effect on Rac1 activity is indicated by a detectable increase in the levels of GTP-Rac1 levels when b H is reduced. Analysis of interactions between overexpressed C-terminally truncated b H or the b H C-terminal construct bH33 and Trio reveals an interaction that is consistent with the C-terminus acting as the focus of the negative regulation of Rac1 signaling. We also find that the lethality associated with b H loss-of-function alleles can be significantly suppressed by reduction in the level of Pak. Furthermore, we demonstrate that activation of the Rac effector Pak destabilizes the apical domain and results in expansion of the salivary gland lumen, and that this phenotype is suppressed by the expression of bH33. Together these data indicate that the b H C-terminal segment 33 interacts with a negative regulator of Rac1 signaling. We propose that this regulatory interaction stabilizes the levels of apical proteins in epithelial cells by suppressing Rac1 activity in the apical domain.
Results

b H regulates Rac1 signaling during the eye development
Apical b H has roles in protein stabilization and recycling Phillips and Thomas, 2006) , and loss of apical b H results in a mild destabilization of the Cadherin-based ZA (Zarnescu and Thomas, 1999) . Rac1 signaling is known to destabilize the ZA in some contexts, by stimulating its turnover (Chihara et al., 2003; Pirraglia et al., 2006) , suggesting the possibility that b H might modulate the level of Rac1 activity. Activation of Rac itself with dominant constructs in various tissue produces very strong, often lethal phenotypes, and inactivation of Rac produces robust dominant phenotype (data not shown), which may mask subtle interactions. We therefore chose to change Rac1 signaling indirectly to look for potential roles for b H . First, we chose to modulate the Rac1 GEF Trio through Trio over-expression in the eye using the UAS-GAL4 system (Phelps and Brand, 1998) . Trio is normally present in the 3rd instar eye disc on cytoplasmic vesicles ( Supplementary Fig. 1 ). Over-expression of a single copy of UAS-Trio during eye development (GMR-Gal4>Trio) causes a mild rough-eye phenotype (Fig. 1B) , and expression of two copies results in a reduced number of ommatidia and a smaller bar shaped eye (not shown). To look for an interaction between Trio and b H , we used loss-of-function karst (b H ) alleles to reduce the expression level of b H . In GMR-GAL4>Trio; kst/ + flies the Trio-induced rough-eye phenotype was significantly enhanced (Fig. 1C-E) . Heterozygosity for any karst allele enhanced the GMR-GAL4>Trio phenotype, with the strongest karst allele (kst 14.1 ) having the roughest eyes ( Fig. 1C-E) . Further reduction of b H was performed using the inducible hairpin construct UAS-kst
RNAi
.
GMR-Gal4>kst
RNAi flies exhibit a very slight posterior roughness in their eyes, consistent with a mild karst phenotype ( Fig. 1F ; Thomas et al., 1998) . In contrast, GMR-Gal4>Trio + kst RNAi flies exhibit a strong 
Gal4>RacGAP50C
RNAi + kst RNAi ) has a synergistic effect producing a severe roughening in the dorsal-posterior eye. All eyes shown are from males raised at 25°C.
synergistic interaction with an extensive region of smooth, glassy eye in the posterior, while the remaining eye is rough and disorganized (Fig. 1G ). Together the data above are consistent with the hypothesis that b H normally acts as an antagonist to Trio, reducing Rac pathway activity. The modification of the phenotype is not due to Gal4 dilution since co-expression of UAS-Trio and UAS-GFP did not produce a similar phenotype (Fig. 1H ).
To further test the relationship between b H and Rac1 signaling, we up-regulated Rac1 signaling in a different way by reducing RacGAP50C (Sotillos and Campuzano, 2000) . GMRGal4>RacGAP50C
RNAi flies exhibited no visible eye phenotype (Fig. 1I) . However, the combined expression of both constructs (GMR-Gal4>kst
RNAi +RacGAP50C RNAi ) results in a synergistic interaction and significant disruption of eye development (Fig. 1J) .
To confirm that the enhancement of the eye phenotype arose from an increase in Rac1 activation per se we directly assayed the levels of active GTP-Rac1 when b H is reduced. Because karst mutant individuals are very inviable (Thomas et al., 1998) , we cannot obtain enough homozygous karst mutant flies for this assay. We therefore looked to see if heterozygosity for karst alleles results in a detectable increase in GTP-Rac1 since this is genetically detectable in a GMR-Gal4>-Trio background (see Fig. 1B -E). Active (GTP bound) Rac1 was pulled down from adult flies using GST-tagged PBD and probed with the Rac antibody ( Fig. 2A) . The levels of active Rac1 from each genotype was normalized to the total Rac1 signal in the extract and compared to wild-type levels. In all cases an increase in Rac1 activity was detected, although it is only statistically significant only in the case of kst 14.1 and kst 2 . These data supports the hypothesis that b H is a negative modulator of Rac1 signaling.
C-terminal domain of b H genetically interacts with Rac1 signaling
All available point mutations in the karst locus result in similar protein truncations that eliminate the C-terminal segment 33 along with several spectrin repeats ( Fig. 2A ; Thomas et al., 1998) , suggesting that this region of b H is responsible for the modulation of Rac1 signaling. Since the C-terminal domain is non-repetitive and contains several highly conserved stretches of amino acids (Williams et al., 2004) , we decided to focus on this region. However, the fact that all of these alleles are enhanced by null mutations in crumbs (Medina et al., 2002; Pellikka et al., 2002) , suggests that there may be residual function in the mutant proteins and raises the possibility that the effects we see on Rac1 are due to a gain-of-function effect arising from the residual truncated protein. To also test this possibility we not only expressed the b H C-terminus (bH33), but also made a truncated version of b H (KstD) that is similar in length to the products of the kst 2 and kst 14.1 alleles (Fig. 3A) .
KstD over-expression (GMR-Gal4>KstD) produces no visible phenotype in the eye (Fig. 3B) , and co-expression (GMRGal4>KstD + Trio) does not modify the Trio expression (compare Fig. 1B and C) . This suggests that the truncated b H proteins produced from the karst alleles tested do not have a dominant effect on Rac1 signaling. This is also consistent with the observation that kst RNAi (which reduces levels of the entire protein in contrast to these alleles) has a strong interaction with Trio (Fig. 1G) . Expression of bH33 in the eye (GMR-Gal4>bH33) produces a strong dominant phenotype with dorsal posterior roughness, loss of pigmentation and often some necrosis ( Fig. 3D ; Lee et al., 2010; Williams et al., 2004) . Introduction of UAS-Trio into this background (GMRGal4>bH33 + Trio) suppressed the roughness of both the Trio and bH33 phenotype (Fig. 3E ). This data indicates that Trio and bH33 expression have opposite effects that cancel out, indicating that bH33 alone is capable of suppressing the activation of Rac1 signaling. Thus, bH33 is the likely focus for Rac modulation by b H . To further test this notion, we also looked for modulation of the bH33 phenotype by RacGAP50C
RNAi . As with Trio, GMR-Gal4>bH33 + RacGAP50C
RNAi flies are strongly suppressed (Fig. 3F ).
In addition to the suppression described above, we noticed that sustained expression of bH33 alone throughout eye development using the eyeless-Gal4 driver (ey-Gal4>bH33) results in significant reduction in eye size and the occasional replacement of eye tissue with cuticle with bristle ( Fig. 3H  and I ). This is a strikingly similar phenotype to ey-Gal4> Rac1
N17 expression which results in a severely reduced eye (Go, 2005) . Co-expression of Trio (ey-Gal4>bH33 + Trio) rescued this phenotype (Fig. 3J) , further supporting the hypothesis that the bH33 phenotype results from the downregulation of Rac1 signaling. This suppression is not caused by Gal4-dilution since the introduction of an irrelevant UAS-GFP transgene has the same severity to expression of bH33 alone ( Fig. 3G and K) .
Modulation of the Rac1 effector Pak rescues karst lethality
We next utilized the Rac1 effector, Pak as a tool to further test the interaction between b H and Rac1 signaling. Pak is a negative regulator of b H (Conder et al., 2007) , and the activation of Pak depends on its localization on the plasma membrane (Lu et al., 1997) . Most karst mutants die as larvae (Thomas et al., 1997) and so a sensitive assay for suppression of karst is survival into pupal stages and beyond. To test for interaction with pak we introduced one copy of the lossof-function pak 6 allele into a homozygous karst mutant back- , respectively. These results suggest that karst lethality arises in part through abnormally high levels of Rac1 signaling.
An increase in Pak activity can also be generated by expressing membrane-bound myristoylated Pak (Pak myr ; Hing et al., 1999) . Expression of Pak myr in the eye using the GMRGal4 driver results in high levels of lethality. We therefore used AB1-Gal4 to drive Pak myr expression in the salivary gland. This produces viable larvae that can be dissected for staining at 3rd instar. As expected, b H was severely disrupted in AB1-Gal4>Pak myr glands compared to WT glands ( Fig. 4A-G) .
Interestingly, this effect extends to a-spectrin not only in the apical domain but in the basolateral region, suggesting that the entire SBMS is a normal target for Pak. Extending this analysis to two other markers of the apical domain, we found that Crumbs was all but eliminated with residual protein detectable only in small cytoplasmic puncta (Fig. 4H-J) , and that aPKC was significantly disrupted (Fig. 4K and L) . In contrast the basolateral marker Dlg was still found at the lateral junctional region; however, the extent of the junction appears to be increased and has an irregular shape ( Fig. 4M and N) . Not only did Pak myr expression destabilize apical proteins, but it also caused expansion of the posterior lumen in 3rd instar salivary glands (Fig. 4D -G, I, J, and N). Together these data indicate that Pak is a potent negative regulator of apical proteins and that the unpolarized expression of constitutively activated Pak results in apical domain expansion. The effects of Pak myr expression are similar to that of constitutively active Rac1
V12
, which also results in the loss of Crumbs and aPKC (Pirraglia et al., 2006) ). As expected, knockdown of karst, which should further activate Rac1 signaling, enhanced the irregular surface of apical membrane and did not rescue the expansion of the lumen (Fig. 5A and B) . We also co-expressed Minikarst, a dominant negative version of b H that has a shortened array of spectrin repeats (Tjota et al., submitted for publication). Expression of Minikarst exhibits a distinct distribution in plasma membrane patches and in large numbers of endosomal vesicles ( Fig. 5C and D) . In AB1-Gal4>Minikarst + Pak myr glands these effects are enhanced, and we observe luminal expansion along the whole of the gland and even the appearance of multiple lumen (Fig. 5F ). Using a strategy similar to that used in the adult eye, we next investigated the effects of bH33 on Pak myr activity in the 3rd instar salivary gland to determine if bH33 functions as negative factor for Rac1 signaling in this tissue also: since Pak myr expression in salivary gland resembles the constitutive activation of Rac1, bH33 co-expression should suppress the activated Pak myr phenotype. bH33 expression does not increase the diameter of the lumen (Fig. 5G) . However, in combination with Pak myr (AB1-Gal4>bH33 + Pak myr ) the lumen size defect is strongly suppressed (Fig. 5H) and b H staining is partially restored to the apical domain.
Expression of dominant active Rac1 V12 was partially rescued by co-expression of DE-Cadherin GFP in the embryonic salivary gland (Pirraglia et al., 2006 
Destabilization of Crumbs is suppressed by bH33 in dosage dependent manner
Crumbs is all but eliminated by Pak myr expression in the posterior gland (Figs. 4I and 6D) and severely disrupted it in anterior regions (Fig. 6E) , phenocopying the effects of constitutively active Rac1 V12 expression in embryonic salivary gland (Pirraglia et al., 2006) . Since Crumbs regulates apical domain size in conjunction with b H (Pellikka et al., 2002) and bH33 expression suppressed the effects of Pak myr (see above;
Fig . 5H ) we tested to see if Crumbs levels and/or localization might also be restored by bH33 expression. Co-expression of bH33 and Pak myr does not fully restore Crumbs to the apical domain but does result in greatly elevated levels of intracellular Crumbs on large vesicular structures. There was no noticeable change in the level of Crumbs or in the morphology with expression of one or two copies of bH33 alone (Fig. 6A-C) . This effect is dose dependent with AB1-Gal4>Pak myr + 2x bH33 glands ( Fig. 6H-J) showing greater levels of Crumbs protein than AB1-Gal4>Pak myr + 1x bH33 (Fig. 6E-G) . This result again suggests that bH33 antagonizes Rac1 signaling, and is consistent with a model in which bH33 binds to, and activates a negative regulator of Rac1 signaling.
Discussion
In this study, we demonstrate the existence of a novel interaction between Rac1 signaling and the cytoskeletal protein b H -spectrin in the regulation of the apical domain. Several genetic interactions lead to this conclusion: first, activation of Rac1 signaling by expression of its GEF, Trio, is strongly enhanced by reducing b H levels. Such reductions in b H are demonstrated to directly cause an increase in the levels of active GTP-Rac1. In contrast, co-expression of bH33 suppresses the Trio expression phenotype. Second, prolonged expression of bH33 alone in the eye induces a strong dominant phenotype that is similar to expression of dominant negative Rac1
N17
, and this phenotype is suppressed by the over-expres- Rac1 signaling functions coordinating processes like cell adhesion and actin-based cytoskeletal motility are generally local effects within a cell (Hall, 1992; Kaibuchi et al., 1999) . Spatial regulation of this pathway can be induced by local activation via GEF proteins or inhibition via GAP proteins; however, these regulators or the signaling molecules to which they respond must be spatially restricted in order to produce such effects. Spectrins are molecular scaffolds that assemble in discrete domains as part of membrane polarization in the cell and different isoforms exhibit mutually exclusive localizations (Bennett and Baines, 2001) . Since spectrins bind directly or indirectly to many proteins (e.g. list of 50 in De Matteis and Morrow, 2000), such domains provide a scaffold to polarize many activities. Our results point to one such interaction within the C-terminal domain of b H that inhibits Rac1 signaling. We hypothesize that an unidentified signaling molecule binds to this region of b H to effect this regulation. In Drosophila, the two spectrin isoforms (conventional b-spectrin and b H -spectrin) show strong polarization in primary epithelia with b being restricted to the basolateral domain, while b H is strongly apical (Thomas and Kiehart, 1994) . We therefore hypothesize that b H -dependent polarization of a Rac1 inhibitor to the apical domain causes this to become a zone of lowered Rac1 signaling (Fig. 7) .
The rescue of karst lethality in pak mutants suggests that a major part of the karst phenotype arises from abnormal Rac1 signaling. b H is conspicuously associated with the ZA Thomas and Kiehart, 1994; Thomas et al., 1998; Zarnescu and Thomas, 1999) and is required for the integrity of this junction Zarnescu and Thomas, 1999) . Rac has a complex relationship with Cadherin-based adhesion, having both positive and negative roles defined in various tissues and contexts (Xiao et al., 2007) . In several cases Rac activity has been shown to down regulate Cadherin (Keely et al., 1997; Lozano et al., 2008; Quinlan, 1999; Yagi et al., 2007) , including during Drosophila trachea and salivary gland development (Chihara et al., 2003; Pirraglia et al., 2006) . The kinase Pak appears to be a key effector in this process (Lozano et al., 2008) , and stimulation of Cadherin endocytosis may be a primary target for this pathway (Akhtar and Hotchin, 2001; Pirraglia et al., 2006) . The discovery of the b H -Rac1 interaction described here provides a rationale for the karst ZA phenotype: lack of b H , would result in elevated Rac1 activity at the junction and thus its down-regulation. Furthermore, b H is recruited to the apical membrane by the apical polarity determinant Crumbs in primary epithelia (Pellikka et al., 2002) via the FERM binding domain (FBD) in its cytoplasmic domain (Medina et al., 2002) . The FBD is not only responsible for recruiting b H to the membrane but is required for ZA stability (Klebes and Knust, 2000) . Combining these observations with the results presented here, we propose a model in which Crumbs accumulation at the apical domain, recruits b H bound to a Rac1 regulator that in-turn limits Rac1 signaling and stabilizes the ZA (Fig. 7) . Since Pak hyperactivity also eliminates Crumbs from the apical domain (Fig. 6 ) and this is suppressed by expression of bH33, our results also suggest that b H -mediated suppression of Rac1 signaling is required for overall apical domain maintenance. This is a novel homeostatic function for regulating the apical domain. Loss of Pak results in defective epithelial polarity that is associated with the accumulation of junctional proteins (Conder et al., 2007) consistent with the proposed negative role for Rac1 in the apical domain. Pak can be regulated by non-Rac pathways (Bokoch, 2003) ; however, the interactions described in this paper favour the notion that it is Rac input that is important in this situation. In contrast, the small GTPase Rho, which generally acts in opposition to Rac (Etienne-Manneville and Hall, 2002; Li et al., 2000; Wong et al., 2000) , is required to maintain the apical distribution of Crumbs, Stardust and aPKC during morphogenesis (Xu et al., 2008 ).
An interesting feature of the apical suppression of Rac1 activity that we propose is that it forms part of a bistable switch: Rac1 has the potential to down-regulate b H at the ZA, while b H can limit Rac1 levels to an appropriate level to sustain full apical domain function. Consistent with this idea, Rac1 and Pak generally localize at the lateral junctions (Jou and Nelson, 1998; Kuroda et al., 1998; Nakagawa et al., 2001; Takaishi et al., 1997) where their activity would inhibit b H action, and Rac1 activity is known to be required for the integrity of basal actin cytoskeleton (Conder et al., 2007) . This hypothesis suggests a strikingly similar situation to the cross-inhibition relationship identified between the apical Bazooka/Crumbs complexes and the basolateral Scribble complex, which is essential for apicobasal axis development (Yamanaka and Ohno, 2008) . Since strong loss-of-function mutations in b H do not result in a loss of polarity (Thomas et al., 1998; Zarnescu and Thomas, 1999) , even when Crumbs also reduced (Medina et al., 2002; Pellikka et al., 2002) , we suggest that this switch is part of a post-polarization maintenance function.
An interesting contrast in Crumbs function is apparent in the data presented here. Previous observations suggested that Crumbs positively regulates apical area, with over-expression of the protein causing dramatic apical expansion in photoreceptor cells (Johnson et al., 2002; Pellikka et al., 2002) . In this paper, we show that apical expansion is a consequence of Pak activation, but Pak activation all but eliminates Crumbs from the cells. The obvious caveat here is that we are looking at a different tissue, nonetheless our data indicates that there must be a Crumbs-independent way to expand the apical domain.
In conclusion, the results described here identify a novel role for the apical cytoskeleton in apical domain and zonula adherens maintenance through modulation of Rac1 signaling activity. Future efforts will be directed at the identification of the precise physical interaction of these two systems.
4.
Experimental procedures
Fly stocks
The following stocks were all obtained from the Bloomington Stock Center ( Gal4 (BL1824) expressing Gal4 in the salivary gland; ey-Gal4 (BL8228) and GMR-Gal4 (BL9146) expressing Gal4 in the pre and post-differentiation eye disc, respectively. The b H knockdown line was obtained from VDRC stock center (37075). Stocks containing the karst alleles have been previously described (Thomas et al., 1998; Zarnescu and Thomas, 1999 TM6 lines were generated using standard genetic methods. Generation of Minikarst is described in Tjota et al. (submitted for publication). Recombinant lines GMR-Gal4 bH33 Sp/CyO and bH33 ey-Gal4/CyO were generated by Drs. Bryce MacIver and Hyun-Gwan Lee, respectively, using standard genetic methods. UAS-kstD was generated using attP-attB integration. cDNA encoding b H segment 1 through 14 was cloned into pUAST-attB vector and integrated into the attP landing site in 99F8 for us by Rainbow Transgenic Flies Inc. (Newbury Park, CA). All crosses were reared at 25°C.
Rac1 activation assay
This assay is based on that of Shuai et al. (2010) , wherein GST-PBD protein is used to specifically pull down GTP-Rac1. The GST-PBD expression plasmid was obtained from Dr. Lorraine Santy (Penn State, University Park PA), expressed and purified using Glutathione-Sepharose beads (Sigma-Aldrich, St. Louis, MO) according to standard protocols. To assay GTP-Rac1 levels 100 adult flies were homogenized with washing buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 1% NP-40, 10% glycerol, protease inhibitors) and centrifuged for 10 min at 4°C. A 150 lg of protein supernatant was incubated with 50 lg of GST-PBD bound to glutathione beads for 1 h at 4°C and washed extensively with washing buffer. The sample was analyzed by immunoblot with the Rac1 antibody (1:2000; BD Biosciences, San Jose, CA). The assay was repeated four times for all genotypes. Bands were quantified from appropriately exposed films using Image J (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD and available at rsb.info.nih.gov/ij). lacking the TM6 balancer chromosome will be karst mutant with or without Pak 6 depending on the cross. The ratio of Tb + to total pupae therefore indicates the rate of survival beyond the larval lethal phase for karst.
Lethality assay
Antibodies and immunostaining
Antibodies used in this study are as follows: rabbit anti-b Hspectrin antibodies were affinity purified using the immunogen for serum #243 (1:100; Thomas and Kiehart, 1994) by standard methods. Mouse-monoclonal anti-a-spectrin (ascites #N3; 1:10,000) was obtained from Dr. Daniel Branton (Harvard University, Cambridge, MA); Mouse anti-Crumbs (#Cq4: 1:25) was obtained from Dr. Elisabeth Knust. Rabbit anti-aPKC (1:150) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse-monoclonal anti-Dlg (#4F3; 1:50) developed by Dr. C. Goodman and mouse-monoclonal antiTrio (#9.4A; 1:100) developed by Dr. C. Hama, were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. Third instar salivary glands were dissected in PBS and transferred to ice cold PBS within 2-5 s per larvae. Fixation was also performed on ice in 4% w/v paraformaldehyde in PEM on ice for 30 min with gentle agitation, rinsed five times in ice cold PBS prior to blocking and extraction in incubation solution (10% normal goat serum, 0.2% Saponin, 0.3% deoxycholate, 0.3% Triton X-100 in PBS). All subsequent antibody incubations and washing was done in incubation solution. For Crumbs staining, samples were post fixed in 100% methanol for 10 min, then rehydrated through a 70%, 50%, 30% methanol/PBTw (0.1% Tween, PBS) series prior to blocking and staining in incubation solution. Samples were imaged on a CARV II spinning disc confocal (BD Biosystems, Exton, PA).
Adult fly eyes were imaged on a black ceramic tile using an Olympus Evolt 420 Camera mounted on an Olympus SZH10 dissecting microscope.
